Selection of new variants of the streptococcal inhibitor of complement protein has been implicated in the perpetuation of epidemics caused by serotype M1 strains of group A Streptococcus (GAS). The frequency at which new streptococcal inhibitor of complement (Sic) variants arise in an infected individual is not known. To study this issue, the sic gene was sequenced in 100 isolates cultured from throat swabs of each of 20 patients with acute pharyngitis caused by serotype M1 GAS. Five patients were infected with GAS populations expressing 2 Sic variants characterized by deletion of a region of the protein. In contrast, no intrahost variation was detected in the number of a pentanucleotide repeat (CAAAA) that controls production of a bacterial cell-surface collagenlike protein by slipped-strand mispairing. Sic variation occurs at a sufficient frequency in vivo to result in mixed infections on the mucosal surface of human hosts, potentially contributing to pathogen survival.
to link the actin cytoskeleton to the host-cell surface [2] . Sic binds to the actin-binding domain located at the carboxyterminal of ezrin and moesin, resulting in paralysis of the actin cytoskeleton [2] . In human epithelial cells, this process results in decreased in vitro internalization of GAS, and in PMNL binding of Sic to ezrin and moesin results in significantly decreased opsonophagocytosis and killing of GAS [2] . The detrimental effect on host cells is thought to assist GAS survival, thereby contributing to the abundance of serotype M1 strains in human infections and epidemic behavior.
Sic is one of the more highly variable bacterial proteins known. DNA sequencing of the sic gene in 500 serotype M1 GAS strains recovered from 2 distinct epidemics in Finland identified 167 Sic variants that had been rapidly generated in the course of the epidemics [3] . Most of the Sic variants were characterized by single amino acid changes or insertion or deletion events explainable by single genetic changes in the sic gene. Virtually every change in the nucleotide sequence of the sic gene resulted in amino acid sequence variation in Sic.
These observations, together with molecular phylogenetic analysis, led to a model postulating that Sic variants are very rapidly selected on the human mucosal surface. Several observations are consistent with this hypothesis. First, in the study of Finnish epidemics, Sic variants were identified in patients with pharyngitis in the population an average of ∼6 months before the variants were detected among serotype M1 strains cultured from patients with invasive episodes [4] . Second, 9 of the 10 highly variable regions of Sic are linear B cell epitopes, and humans have antibodies in mucosal secretions that are directed against these epitopes [5] . Third, variation has been identified in the sic gene among serial isolates from patients with pharyngitis and bacteriological treatment failure and patients with documented chains of transmission [6] . Additional evidence that Sic acts on the mucosal surface has been provided by mouse studies demonstrating that a Sic-negative isogenic strain had impaired persistence in the upper respiratory tract but was not altered in its ability to cause invasive disease [7] .
Although it is well documented that Sic is highly variable in natural populations of serotype M1 GAS, the frequency that new sic variants arise in an infected host is not known. Because this issue is important for fully understanding the contribution of Sic to human-GAS interaction and because all studies conducted thus far have characterized only a single colony obtained from a patient in an infection episode, we examined intrahost variation in Sic by analysis of 100 colonies grown from throatswab samples obtained from 20 patients with acute pharyngitis. Variation in the pentanucleotide repeat region of the gene (scl2) encoding a surface-exposed collagen-like protein also was studied. Variation in this region of the scl2 gene controls expression of Scl2 at the level of translation.
PATIENTS, MATERIALS, AND METHODS

GAS strains.
The entire sic gene was sequenced in 2000 colonies obtained from a convenience sample of 20 patients with acute pharyngitis in Aachen ( patients) and Dortmund n p 7 ( patients), Germany. All strains studied were collected n p 13 from December 2000 to February 2001. Throat-swab samples obtained from patients with signs and symptoms consistent with GAS pharyngitis were streaked on medium, as described by Carlson et al. [8] , which suppressed the growth of organisms other than GAS. Large petri plates were used and were streaked along one end with the original swab. This initial inoculum was immediately spread over the entire plate with a custommade comb to obtain as many isolated colonies as possible. Approximately 5 colonies/patient were analyzed with anti-T1 antiserum to determine which patients were likely to be infected with serotype M1 organisms. This procedure was done because anti-T antigen serum was available and there is a very strong correlation between the presence of the T1 and M1 antigens [9] . For individuals infected with T1 strains, 100 colonies were chosen for subsequent analysis, added to Microbank vials (Prolab Diagnostics), agitated to disperse GAS onto the small beads in these vials, and frozen at Ϫ80ЊC. The patients were confirmed to be infected with serotype M1 GAS by sequence analysis of the region of the emm gene encoding the type-specific aminoterminal region by methods described elsewhere [10] . Sequence data were collected with an ABI model 3700 automated sequencer (Applied Biosystems).
sic gene sequencing. To sequence the sic gene, a bead was removed from the Microbank vial and was added to a tube containing the polymerase chain reaction (PCR) mix. PCR amplification and sequence analysis of the sic gene were conducted as described elsewhere [11] .
scl2 gene PCR and sequencing. PCR products encompassing the CAAAA repeat region of the scl2 gene (control gene) were amplified by PCR with the primers scl2-up (forward) 5 -CTTTCAATGGATGACGATACC-3 and scl2-down (reverse) 5 -CTTACTTTTTCATTTTCTTCC-3 [12] . The size of the PCR product was analyzed by electrophoresis with a 2% agarose gel. The number of CAAAA repeats was confirmed by sequencing representative PCR products from 20 to 48 isolates from each patient by use of a sequencing primer (5 -TCTCATTATTAGG-TGGGTCTAC-3 ) [13] .
Phages and phage-associated virulence factor gene PCR profiling. A PCR-based method was developed to determine the presence of phages and phage-associated virulence genes in the genome. The oligonucleotide primers and PCR conditions are listed in table 1.
RESULTS
Sequence analysis of the sic gene. The sic gene was sequenced from 2000 colonies of GAS cultured from 20 patients with acute pharyngitis. Fifteen of the 20 patients had no variation in the sic gene among the 100 colonies characterized from each individual. Among these 15 patients, 6 distinct sic variants were identified, including sic1.02 ( patients), sic1.36 ( n p 9 n p 2 patients), and sic1.01, sic1.27, sic1.34, and sic1.316 ( pan p 1 tient each; table 2). The sic1.01 and sic1.02 alleles among patients from Germany have been described elsewhere and are abundantly represented alleles among GAS isolates [3] . The sic1.34 allele differs from sic1.02 by a single deletion event (12-bp deletion), and sic1.316 differs from sic1.01 by a single nucleotide change resulting in an amino acid replacement (ACCrGCC; Thr 231 rAla 231 ; figure 1).
Variation in the sic gene was identified among isolates obtained from 5 of the 20 patients (table 2; figure 1A ). These 5 patients had mixed infections with strains containing 2 distinct sic alleles. In all 5 individuals, there was a major (190%) and a minor (!10%) sic allele represented among the 100 isolates Table 1 . Primers used for screening for prophage-encoded virulence factor genes. from each patient. Four of the 5 minor variants were characterized by the deletion of a repeat region (previously designated as the R2 region) relative to the sic allele representing the major variant. One of the minor variants (sic1.300) differed from the major sic1.02 variant present in the same patient by a 108-bp deletion in the 5 end of the gene encoding Sic. Hence, all minor variants apparently arose from the major variant by a singlestep molecular process. Lack of variation in the scl2 gene (control gene) pentanucleotide repeat region. Scl2 is a GAS cell-surface protein that contains a central region composed of variable numbers of Gly-X-X collagen-like motifs. Production of Scl2 is controlled at the level of translation by slipped-strand mispairing resulting in variation in the number of short-sequence pentanucleotide repeats (CAAAA) located immediately downstream of the GTG (Val) start codon [12] . Although the exact role of Scl2 in GAS pathogenesis is not understood, Rasmussen and Bjorck [13] reported that variation occurred in the number of CAAAA repeats in strains grown in vitro in fresh human blood. To determine whether the number of CAAAA repeats varied in vivo in the GAS infecting these pharyngitis patients, PCR and agarose gel electrophoresis were used to determine the number of repeats present in the 2000 colonies. This gene was studied as a control gene because of the documented relatively high frequency of variation relative to other known GAS genes. Three size variants were identified, and the same size of PCR product was obtained in all 100 colonies cultured from each patient (table 2) . Sequence analysis of PCR products representing each size variant revealed that isolates from 17 of the patients had 4 CAAAA repeats in this region of the scl2 gene, 2 patients had organisms with 7 CAAAA repeats, and 1 patient was infected with bacteria with 6 CAAAA repeats ( figure 1B  and 1C) .
Prophages and prophage-associated virulence factor gene PCR profiling. As noted above, 5 of the 20 patients had mixed infections with strains containing 2 distinct sic alleles. All colonies studied from these patients also had 4 CAAAA repeats in the scl2 gene (table 2) . Albeit unlikely, it is a formal possibility that the occurrence of sic variants among these 5 patients was caused by simultaneous infection of 2 strains containing the same sic and scl allele but acquired from different individuals, rather than sic variation arising in progeny of a single infecting M1 organism. Indexing of genetic variation present at other chromosomal loci would help to differentiate between these 2 possibilities. Evidence indicates that genetic variation among serotype M1 strains is relatively restricted [10, 14] . However, recent data suggest that isolates of the same M protein serotype can differ in prophages and prophage gene content [15, 16] . Therefore, we developed a PCR profiling method to assess variation in genome content of prophages and prophage-associated virulence factor genes, based on chromosome sequence information available for 3 GAS strains [15, 17, 18] . The results showed that all paired GAS isolates recovered from the same patient had the identical prophage and prophage gene PCR profile ( figure 2) . Moreover, the PCR profiles of the organisms were all distinct from the profile of control strain SF370, the serotype M1 organism whose genome has been sequenced [18] . These results are consistent with a previous report [10] showing that strain SF370 is genetically distinct from other contemporary serotype M1 organisms causing human infections.
DISCUSSION
The primary purpose of the present study was to determine whether individual patients with pharyngitis infected with serotype M1 GAS had subclones containing multiple distinct sic variants in the posterior pharynx. The results of the analysis of 2000 organisms obtained from 20 patients indicate that this was the case for 5 patients, thereby demonstrating that an individual can have a heterogeneous M1 population characterized by sic variants. Hence, our data indicate that in some pharyngitis patients Sic variants arise very rapidly in vivo. This observation is consistent with the idea that Sic variation aids pathogen survival in the host [3] .
Previous studies have found that many sic alleles are confined to distinct geographic regions [3, 11, 19, 20] . In this regard, we noted that there was relatively little sharing of sic alleles between strains cultured from patients in Aachen and Dortmund. For example, only sic1.02 was present in organisms from both communities (table 2) . These results are consistent with the idea that sic variants are rapidly generated in infected hosts, far faster than the infecting strains can be transmitted and become abundant in a new geographic area.
No intrahost variation was identified in the number of CAAAA pentanucleotide repeats located immediately down- 4 refer to prophages present in the genome of strain SF370 [18] ; spd1, Streptococcus pyogenes DNase 1; spd3, Streptococcus pyogenes DNase 3; speA, streptococcal pyrogenic exotoxin A; speC, streptococcal pyrogenic exotoxin C; speH, streptococcal pyrogenic exotoxin H; speI, streptococcal pyrogenic exotoxin I; Spy2125, open-reading frame spy2125 encoding a phage repressor homologue [18] ; FT-12 like refers to a speA-encoding prophage described in [22] . B, Schematic showing location of PCR primers used to map speC and spd1 genes to F370.1. Prophage 370.1 (40.9 kb) is integrated in the genome of strain SF370 between genes spy0654 and spy0713. Seven PCRs (marked 1-7) were used to assess the presence of the prophage, and associated virulence genes (speC and spd1). Analogous procedures were used for the other prophages shown in panel A, using primers listed in table 1. C, PCR results confirming the association of the speC and spd1 genes with F370.1. Strain SF370 was used as source DNA for the PCRs. Lane nos. correspond to the PCRs shown in the panel B schematic.
stream of the GTG start codon, in the region of the scl2 gene (control gene) that regulates expression of the protein at the level of translation. Analysis of 20 serotype M1 strains found that 4, 6, and 7 copies of the CAAAA repeat were present in this gene region, numbers that would not result in a full-length scl2 transcript, and hence, Scl2 production. We assessed variation in this region for 2 reasons. First, Rasmussen and Bjorck [13] reported that variation occurred in the number of repeats during in vitro passage in human blood, which suggests that selection by host factors was involved. Consistent with this idea, the investigators found that the number of resulting CAAAA repeats would result in Scl2 production, raising the possibility that Scl2 expression enhances survival. Second, it is well known that slipped-strand mispairing events can result in high-frequency phase variation of surface molecules that contribute to host-pathogen interactions [21] . Our results suggest the following possibilities: (1) the mechanisms that contribute to CAAAA repeat variation are not operative in vivo during pharyngitis, (2) variation occurs at a lower frequency on mucosal surfaces than in whole human blood, (3) there is no premium on Scl2 production in pharyngitis, or (4) there is selection against Scl2 expression in vivo in pharyngitis. The observation that all 20 patients in our sample had strains with a number of CAAAA repeats (4, 6, or 7 pentanucleotide repeats) that would not result in Scl2 production can be interpreted as consistent with the idea of selection against Scl2 production in pharyngitis. However, additional studies are required to understand the events contributing to Scl2 production in vivo in infected humans.
Several mutation events, such as single-nucleotide variation, and insertion or deletion of tandem repeat regions, have contributed to the production of 1300 Sic variants identified in natural populations of serotype M1 GAS strains [3, 4] . The intrahost variants that we identified were characterized by deletion events occurring in the SRR or R2 repeat region of the sic gene, which suggests that the frequency of the deletion events exceeded single-nucleotide variation. The SRR and R2 repeat region of Sic is known to contain epitopes for human antibodies [5] . We also noted that GAS strains with sic size variants (e.g., insertion or deletion of R2 repeat sequence) have been recovered from the throats of persistently colonized mice ( [3] and author's unpublished data [N.P.H.]) and from patients with human pharyngitis linked in documented chains of GAS transmission [3] . In addition, the number of sic size variants recovered from the persistently colonized mice increased with time [3] . Hence, we conclude that Sic variation occurs at a sufficient frequency in vivo to result in mixed infections on the mucosal surface of human hosts, potentially contributing to pathogen survival by immune avoidance. This process, coupled with the ability of Sic to inhibit opsonophagocytosis and killing by human neutrophils provides 2 strategies to assist serotype M1 escape from host defenses.
